Many kinds of insulating materials are used not only outside but also inside the body of a spacecraft. It is well-known that these materials charge up as the result of the interaction with space plasma and/or high-energy charged particles. The charge-up phenomenon is possible to induce electrostatic discharge (ESD) on the surface or in the bulk of the material and to cause malfunctions or damages of the spacecraft systems.
Nomenclature

E
: electron energy J b
: electron current density V s : surface potential V s0
: initial surface potential ρ : volume resistivity ε : permittivity ε r : dielectric constant t : time τ : decay time constant
Introduction
Many satellites for communication, broadcasting and earth observation etc. have been launched in Earth orbits with the progress of space development and have given much benefit to our social lives. These satellites must continue to function for long life time under severe environment conditions such as vacuum, thermal cycles, high-energy charged particles, plasma and solar UV light. Especially charged particles among these environment conditions are likely to induce charge-up phenomenon to the spacecraft 1) . This phenomenon possibly causes ESD (Electrostatic Discharge) on the surfaces of the spacecraft or inside the body of the spacecraft. As these charge-up and discharge phenomena are great threat to the operation and the reliability of the spacecraft systems, many studies have been done 2, 3) . In these studies, surface materials used for spacecrafts, typically thermal control materials such as silvered Teflon ○ R , aluminized Kapton ○ R and aluminized Mylar ○ R , have been objects. Charge-up properties of those materials by means of electron beam irradiation simulating electron flow in hot space plasma outside the spacecraft were evaluated 2, 3) . On the other hand, high-energy charged particles exist in space environment around the spacecraft. Electrons with the energy higher than about 300keV among these energetic charged particles pass through the skin materials of the spacecraft body and are slowed down to low-energy electrons. Those electrons with lowered energy charge up to the materials used for electronic equipments inside the body. This phenomenon is called as "internal charging" 4) as opposed to "surface charging" indicating charge-up of the surface materials of spacecrafts 1) . Inside the body of the spacecraft many and various electronic equipments are installed and many printed circuit boards are used. So, I evaluated charge-up property of the glass fiber reinforced epoxy resin plate (GFRP), typical material used for printed circuit boards, due to electron beam irradiation in order to understand internal charging phenomenon. In addition, another material, OSR (Optical Solar Reflector) used as one of the thermal control materials on the outer surfaces of the satellite body was also tested by irradiating electron beam.
Experimental
Test samples
Two kinds of samples were used for test. One was GFRP and the other was OSR.
GFRP samples were pasted on aluminum plates of the size of 1mm t x 100mm x 100mm as shown in Fig. 1 . The size of one GFRP plate was 1mm t x 40mm x 40mm. In practical, printed circuit boards are usually coated by urethane elastomer. So, two kinds of GFRP samples with urethane film coated on the whole surface and without coating were evaluated. The thickness of the coated urethane film was about 30μm. 
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On the other hand, the external view of the OSR sample is shown in Fig. 2 . Four OSR's (0.1mm t x 42.5mm x 40mm) were pasted on an aluminum honey-comb substrate of the size of 27mm t x 100mm x 100mm. A lead wire was connected to the back side of each sample in order to measure the current during electron irradiation and to apply the biasing voltage to the sample. Figure 3 shows the outline of the experimental setup. One test sample was set in the vacuum chamber and the lead wire of the sample was connected to a high-voltage lead terminal of the chamber. After setting it, the chamber was evacuated to the pressure lower than 1x10 -6 Torr by a rotary pump and a turbo-molecular pump. Keeping the pressure stable, electron beam with the energy of E and the current density J b was irradiated to the sample for 60minutes.
Experimental procedure
Surface potential during and after electron beam irradiation was measured with a non-contacting electrostatic voltmeter (TREK 341B) by scanning the probe (TREK 3450E) over the sample keeping the distance of 3-5mm from the sample surface. The surface potential over the center of the GFRP or one OSR was recorded by a pen recorder.
By the way, in the case of electron beam irradiation with the energy in the range of 3-10keV the sample was directly connected to the electrometer measuring the current through the sample. On the other hand, in the cases of the electron energy lower than 3keV and higher than 10keV, the test sample was electrically biased by a DC high voltage power supply. In the electron energy lower than 3keV, the sample was negatively biased to decelerate electrons impinging on the sample and in the energy higher than 10keV it was positively biased to accelerate electrons. Figure 4 shows the time dependences of the surface potential (a) and the current (b) of the non-coated GFRP during electron beam irradiation with E=5keV and J b =14pA/cm 2 . This value of J b is assumed to be the order of the current density of electrons penetrating inside the body 4) . The surface potential has a tendency to increase negatively and saturate with time. Figure 5 also shows the surface potentials as a function of time in the case of 1keV electron beam irradiation. The potential rises up faster at higher J b . In the case of 1keV electron beam irradiation, the polarity of charge-up is positive opposite to the case of 5keV electron irradiation shown in Fig. 4 . It seems to be due to large secondary electron emission (SEE) effect.
Experimental Results and Discussions
Charge-up characteristics during electron irradiation (a) GFRP
Next, Figure 6 shows the time dependences of the surface potentials of the urethane coated GFRP sample in the case of E=5keV and J b =16pA/cm 2 . In this figure, the potential of the GFRP was measured over the center of the urethane-coated GFRP and that of urethane was the value of the urethane coating film on the aluminum plate. Comparing with Fig.4 , the potential of the coated GFRP is slightly lower than that of the non-coated GFRP. And we can see that the surface potential of the urethane film is much lower than those of GFRP's.
From these surface potential characteristics obtained under various electron beam conditions, the surface potentials after 60minutes irradiation are plotted in Fig. 7 . as a function of electron energy at J b =15pA/cm 2 . The case of the non-coated GFRP is shown in Fig. 7. (a) and both cases of the coated GFRP and the urethane film are shown in Fig. 7. (b) . These figures show that in the case of E > 2keV the potentials increase with electron energy negatively and in the case of E < 2keV the potentials become positive. This indicates that E≒ 2keV is the energy which SEE yield is 1 in these materials. This is recognized from the reason that no charge-up occurs as the number of incident electron is equal to that of secondary electron emitted from the surface under the condition of SEE yield =1. From these figures, we can see that the surface potentials increase linearly with the incident electron energy in both GFRP samples but in the urethane film the potential saturates at about 15keV. And also we can see that the potential of the non-coated GFRP is slightly higher than that of the coated GFRP.
(b) OSR
Next I explain the experimental data obtained in OSR. Figure 8 shows the surface potential as a function of the incident electron energy at J b =0.2nA/cm 2 simulating the electron current density in the hot plasma outside the spacecraft 5) . From this figure, we can see that the charge-up level of the OSR is lower than that of GFRP shown in Fig. 7 ., irrespective of higher J b . Also we can see that the electron energy which SEE yield becomes 1 is about 2.8keV and this value is higher than those of GFRP and urethane. Moreover we can see that the amplitude of the potential has the maximum at about 7keV. 
Charge decay characteristics after electron irradiation
After stopping electron beam irradiation, the decay characteristics of the surface potentials of all test samples were examined for long time in vacuum. (a) GFRP Figure 9 shows the potential decay characteristics of GFRP plate after E=5keV electron irradiation. Figure 9 (a) and (b) are the case of the non-coated GFRP and those of the coated GFRP and the urethane film, respectively. From these figures we can see that the decay of the coated GFRP is slightly faster than that of the non-coated GFRP and that of the urethane film itself is very fast.
In general, the decay of the potential V s is expressed by next equations.
・・・ (1) ερ τ =
・・・(2)
As shown in Fig. 9 ., the decay of urethane film can be approximated by one straight line. On the other hand, from the decay properties of GFRP's two components in decay time constant τ are deduced. The non-coated GFRP consists of epoxy resin and glass fiber and in the coated GFRP an urethane material is coated on the top surface of the non-coated GFRP. The volume resistivity of a material is determined by the conduction mechanism of charged carriers like electrons or ions and the conduction mechanism is influenced by the path of the charged carriers through the bulk of one material or along the interface between the composed materials. So, as a result of the electrical (b) Coated GFRP Fig. 9 ., volume resistivities ρ were obtained using Eq. (2) and dielectric constants ε r which are 4.5 and 6 in GFRP and urethane, respectively. Figure 10 shows the incident electron energy dependences of the volume resistivity. In Fig. 10 ., two volume resistivities of GFRP's are shown. One is the volume resistivity obtained from the fast component of τ in the short time range (< 100minutes) and the other is that obtained from the slow component of τ in the long time range (> 500minutes). The volume resistivities obtained from fast component of τ of both GFRP samples are almost the same value, 2x10
14 Ωm, in spite of the existence of the urethane coating. On the other hand, the volume resistivity obtained from slow component of τ of the non-coated GFRP is about 4x10 15 Ωm and that of the coated GFRP is about 3x10 15 Ωm. This indicates that the urethane coating lowers the apparent volume resistivity due to charge leakage through the coated urethane layer. The lower volume resistivity of GFRP is assumed to be due to the electrical conduction along the interface between glass fiber and the epoxy resin. The higher resistivity of GFRP is due to the electrical conduction of the bulk of the epoxy resin. This value is some higher than that of the epoxy resin itself (about 10 14 Ωm) 6) . Also from Fig. 10. (b) , the urethane film has the volume resistivity of 2x10 13 Ωm. This value is much lower than that of GFRP itself. Therefore it seems that urethane coating is effective to the reduction of charge-up of insulators.
(b) OSR
Similar to the cases of GFRP samples, the charge decay characteristics of the OSR sample was examined. Figure 11 shows the examples of the characteristics in the case of E=7keV electron irradiation. In this figure, the results of three-times experiments are shown. From the decay time constant obtained from a dotted line shown in this figure, the volume resistivity of the OSR was obtained as about 3.2x10 14 Ωm using Eq.s (1) and (2) and assuming the dielectric constant of the OSR as 3.9. This value, however, includes the resistivity of the adhesive RTV.
Conclusion
In order to evaluate the charge-up characteristics of typical insulating materials used inside and/or outside the spacecraft, the surface potentials formed on the materials by irradiating electron beam with various conditions were investigated. And the charge decay characteristics after electron beam irradiation were also investigated in order to evaluate the volume resistivities of the materials. From these experiments, the following results were obtained.
(1) GFRP and urethane film charge up negatively in the case of incident electron energy E larger than 2keV and positively in the case of E lower than 2keV. 
